Lee YJ, Suh HN, Han HJ. Effect of BSA-induced ER stress on SGLT protein expression levels and ␣-MG uptake in renal proximal tubule cells.
hand precipitating a proapoptotic or inflammatory environment that ultimately leads to tubular atrophy and renal failure (6, 8, 19, 27, 43) . Proteinuria is a common hallmark of glomerular pathology, and the magnitude of proteinuria is a well-known adverse prognostic factor in a wide variety of kidney diseases. Several studies support a direct pathogenic role for proteinuria in PTC pathology (35, 45) . The mechanisms involved in PTC pathogenesis remain complex and multifactorial, but stress on the ER within the PTCs appears to be a major player. While proteinuria, hyperglycemia, ischemia, or some renal toxic drugs directly injure tubular cells, these factors are also known to induce ER stress in renal tubular cells (25, 30 -32, 39) .
Mammalian cells protect themselves from the ravages of ER stress by triggering the unfolded protein response (UPR). According to a recent report (57) , UPR provides a wide spectrum of physiological roles and is regulated in a more finely tuned manner with selectivity and additional specificity to meet the complexity of various developmental and metabolic processes. With the goal of lowering the protein load in the ER, the UPR coordinates a global downregulation of protein synthesis with an upregulation of specific gene products, including ER-resident molecular chaperones such as glucose-regulated protein 78 (GRP78) (2, 47) . Tipping the balance between the GRP78 and C/EBP-homologous protein (CHOP) expression determines whether the UPR mediates cell survival or cell death. It can be assumed that activation of the UPR is an adaptive mechanism to preserve cell function and survival, and that GRP78 is a central regulator of ER homeostasis (23, 33, 52) . However, the mechanisms that link the UPR with Na ϩ -glucose cotransport in kidney are presently unclear.
Although earlier studies emphasized the role of the UPR in maintaining homeostasis and in cellular adaptation to the ER stress, accrued evidence now suggests that ER stress modulates mammalian physiology in ways that cannot be explained simply. In addition, the UPR in the liver increases glucose production, which is a first-line cellular response to changes in glucose delivery and energy demand (12, 55) . To better understand the relationship between UPR's role and glucose transport in preserving cellular function, we sought to examine the effect of BSA on glucose uptake. In the kidney, several transporters mediate glucose reabsorption from the urinary filtrate, and they are arranged in a series along the PTCs (17) . The Na ϩ -glucose cotransporters (SGLTs) in the apical membrane utilize a Na ϩ gradient to catalyze active glucose transport into the cell, while glucose passively diffuses out of the cell through the basolateral glucose-facilitated transporters (GLUTs). As previously reviewed by Lee et al. (29) , endogenously enhanced SGLT1 plays an important role in the local maintenance of intracellular and plasma glucose homeostasis. Moreover, it was reported that renal toxicants (gentamicin, cyclosporine A) decreased glucose uptake (42, 53) , and toxicity of these drugs was significantly decreased in ER stresspreconditioned cells (40) . Based on these observations, we questioned whether ER stress preconditioning recovered reduction of glucose uptake by toxicants and whether BSA-induced ER stress influenced SGLT activity. However, the mechanisms linking ER stress to glucose uptake are not yet understood in renal PTCs.
For our cell model, we chose primary cultured renal PTCs, because they exhibit a number of functions that typify differentiated renal PTCs in vivo: a polarized morphology, distinctive proximal tubule transport, and various hormone responses (7). Moreover, previous uptake studies with 14 C-labeled ␣-methyl-D-glucopyranoside (␣-MG) indicated that these cells stably maintain the activity of their transport system in culture (15, 28) . Thus the outcomes of membrane transport studies on these PTCs can be compared directly with the original renal tissue. In addition, PTCs in hormonally defined, serum-free culture conditions provide a valuable in vitro model for examining the effect of BSA on renal Na ϩ /glucose cotransport. Therefore, we decided to determine whether there is an association between BSA-induced ER stress and the increasing ␣-MG uptake through cellular signaling in renal PTCs.
MATERIALS AND METHODS
Materials. New Zealand White male rabbits (1.5-2.0 kg) were purchased from Dae Han Experimental Animals (Chungju, Korea). All animal management procedures followed the standard operation protocols of Seoul National University. The Institutional Review Board at Chonnam National University approved the research proposal and the relevant experimental procedures, including those for animal care. In addition, all authors were doctors of veterinary medicine with licenses granted from the Ministry for Food, Agriculture, Forestry and Fisheries of the Republic of Korea.
Fatty acid-free BSA, class IV collagenase, D-glucose, hydrogen peroxide (H 2O2), tunicamycin, gentamicin, cyclosporine A, ascorbic acid, N-acetylcysteine (NAC), SP 600125, 15-deoxy-⌬ 12,14 -prostaglandin J2 (PGJ2), FITC-conjugated anti-rabbit IgG, and monoclonal anti-␤-actin were obtained from Sigma-Aldrich (St. Louis, MO). Soybean trypsin inhibitor was purchased from Life Technologies (GIBCO BRL, Grand Island, NY). GW 9662 and SN50 were acquired from Calbiochem (La Jolla, CA). Troglitazone was supplied by Biomol (Plymouth Meeting, PA).
14 C-labeled ␣-MG was purchased from DuPont/NEN (Boston, MA). The GRP78 and PPAR␥ antibodies were acquired from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-eukaryotic initiation factor 2␣ (eIF2␣), phospho-c-Jun kinase (JNK; Thr183/Tyr185), and phospho-NF-B antibodies were obtained from Cell Signaling Technology (Danvers, MA). Rabbit anti-SGLT1 was supplied by Chemicon International (Temecula, CA), and rabbit anti-SGLT2 was from Alpha Diagnostic International (San Antonio, TX). Goat anti-rabbit IgG was acquired from Jackson ImmunoResearch (West Grove, PA). Goat anti-mouse IgG was purchased from BD Bioscience (Franklin Lakes, NJ). Liquiscint was obtained from National Diagnostics (Parsippany, NJ). All other reagents were of the highest purity commercially available.
Cell preparation and culture condition. The primary rabbit renal PTC cultures were prepared using the method reported by Chung et al. (7) . The PTCs were grown in a DMEM/F-12 medium (GIBCO-BRL) with 15 mM HEPES and 20 mM sodium bicarbonate (pH 7.4). Three other growth supplements (5 g/ml insulin, 5 g/ml transferrin, and 5 ϫ 10 Ϫ8 M hydrocortisone) were added immediately before use of the medium. The kidneys of a rabbit were perfused through the renal artery, first with PBS, and then with medium containing 0.5% iron oxide. Renal cortical slices were prepared and homogenized. The homogenate was poured sequentially through 253-and 83-m mesh filters. Tubules and glomeruli caught by the 83-m filter were transferred into sterile medium. The glomeruli (which contained the iron oxide) were removed using a magnetic stir bar. The remaining proximal tubules were incubated briefly in a medium containing collagenase (0.125 mg/ml) and 0.025% soybean trypsin inhibitor. The tubules were then washed by centrifugation, resuspended in a medium containing the three supplements, and transferred into tissue culture dishes. The medium was changed 1 day after plating and every 2 days thereafter. The primary cultured rabbit kidney proximal tubule cells were maintained at 37°C in a 5% CO 2 humidified environment in a serum-free basal medium supplemented with the three growth supplements.
␣-MG uptake studies. ␣-MG uptake studies were carried out as described by Sakhrani et al. (48) . Briefly, the culture medium was removed by aspiration, and the monolayers were gently washed twice with uptake buffer (in mM; 136 NaCl, 5.4 KC1, 0.41 MgSO 4, 1.3 CaCl 2, 0.44 Na2HPO4, 0.44 KH2PO4, 5 HEPES, and 2 glutamine, as well as 0.5 g/ml BSA, pH 7.4). After washing, the monolayers were incubated for 30 min at 37°C in uptake buffer containing 0.5 mM ␣-MG and 14 C-labeled ␣-MG (0.5 Ci/ml). At the end of the incubation period, the monolayers were again washed three times with ice-cold uptake buffer, and the cells were dissolved in 1 ml 0.1% SDS. To measure intracellular incorporation of the 14 C-labeled ␣-MG, 900 l of each sample was removed and counted in a LS 6500 liquid scintillation counter (Beckman Coulter, Fullerton, CA). The remainder of each sample was used to measure total protein levels using the Bradford method (4). The radioactive counts in each sample were then normalized to protein levels and were corrected for the zero-time uptake per milligram protein. All uptake measurements were conducted in triplicate.
Immunofluorescence staining with GRP78. The cells were fixed in 4% paraformaldehyde and permeabilized in 0.1% Triton X-100. The cells were treated with a monoclonal antibody against rabbit GRP78 (1:50, Santa Cruz Biotechnology) and incubated for 30 min with FITC-conjugated secondary antibodies raised in goat against rabbit IgG (1:50). The fluorescent images were visualized with a Fluoview 300 fluorescence microscope (Olympus, Tokyo, Japan).
GRP78 small interfering RNA transfection. Cells were grown in dishes until they reached 75% confluence, at which point they were transfected for 24 h with either a SMART pool of the small interfering RNA (siRNA) specific to GRP78 (200 pmol) or a nontargeting siRNA (as a negative control; 200 pmol; Dharmacon, Lafayette, CO) using LipofectAMINE 2000 (Invitrogen, Carlsbad, CA), according to the manufacturer's instructions.
Cellular reactive oxygen species assay. The cellular production of ROS was measured using confocal microscopy according to a method reported by Lee et al. (26) . To confirm involvement of reactive oxygen species (ROS) in BSA-induced SGLT activation, PTCs were treated with NAC antioxidant (10 Ϫ5 M) before being treated for 30 min with either BSA or H2O2 (10 Ϫ3 M). The cells were subsequently washed with Dulbecco's PBS and incubated for 15 min in KrebsRinger solution containing 5 M 5-(and-6)-chloromethyl-2Ј,7Ј-dichlorodihydro-fluorescein diacetate (CM-H2DCF-DA; Molecular Probes, Eugene, OR). ROS generation was detected (excitation, 488 nm; emission, 515-540 nm) using a Fluoview 300 fluorescent microscope (Olympus).
Cell membrane preparations for western blotting. After confluent cultures were treated with the indicated conditions, the media was removed and the cells were washed twice with ice-cold PBS, scraped, harvested by microcentrifugation, and resuspended in buffer A [(in mM) 137 NaCl, 8.1 Na2HPO4, 2.7 KCl, 1.5 KH2PO4, 2.5 EDTA, 1 dithiothreitol, and 0.1 PMSF, as well as 10 g/ml leupeptin (pH 7.5)]. The resuspended cells were then lysed mechanically on ice by trituration with a 21.1-gauge needle. To prepare the cytosolic and particulate fractions, the lysates were centrifuged at 1,000 g for 10 min at 4°C, after which the supernatants were centrifuged at 100,000 g for 1 h at 4°C. The particulate fractions, which contained the membranes, were washed twice and resuspended in buffer A containing 1% (vol/vol) Triton X-100. The protein levels in each fraction were quantified using the Bradford procedure (4).
Western blot analysis. Cell homogenates (30 g of protein) were separated by 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes. The blots were then washed with H 2O, blocked for 1 h with 5% skim milk powder in TBST (10 mM Tris ⅐ HCl, pH 7.6, 150 mM NaCl, 0.05% Tween 20), and incubated with primary polyclonal antibodies at the dilutions recommended by the suppliers. The specificity of the SGLT1 or SGLT2 antibody was confirmed using control peptides. Because of its low molecular weight (Ͻ3 kDa), the control peptide was not suitable for Western analysis; we thus used it for ELISA or antibody blocking to confirm the specificity of the antibody. The membrane was washed, and the primary antibodies were detected using goat anti-rabbit-IgG conjugated to horseradish peroxidase. Immunoreactive bands were then visualized with enhanced chemiluminescence (Amersham Pharmacia Biotech, Buckinghamshire, UK).
RNA isolation and RT-PCR. Total RNA was extracted from PTCs with STAT-60 (a monophasic solution of phenol and guanidine isothiocyanate; Tel-Test, Friendswood, TX). RT was conducted with 3 g RNA using an AccuPower RT PreMix RT system kit (Bioneer, Daejeon, Republic of Korea) with oligo(dT)18 primers. After that, 5 l of the RT products were then amplified using a PCR kit (PCR PreMix; Bioneer) under the following conditions: denaturation at 94°C for 5 min; followed by 30 cycles of 94°C for 45 s, 55°C for 30 s, and 72°C for 30 s; followed by 5 min of extension at 72°C. The primers used were 5Ј-GACGAATGCCAAGATCTGAGAAG-3Ј (forward), 5Ј-CG CTCTTTGTA GTGCTGTCAGC-3Ј (reverse) for PPAR␣ (374 bp); 5Ј-ACCTGCAGATGGGCTGTCAC-3Ј (forward), 5Ј-GTCTCGATGTCGTGGATCAC-3Ј (reverse) for PPAR␤/␦ (483 bp); and 5Ј-AAGAGCTGACCCAATGGTTG-3Ј (forward), 5Ј-TC-CATAGTGGAAGCCTGATGC-3Ј (reverse) for PPAR␥ (314 bp). To control for the individual amounts of cDNA, RT-PCR was performed in parallel using ␤-actin primers. PCR products were visualized with ethidium bromide staining.
Statistical analysis. The results are expressed as means Ϯ SE. The difference between two mean values was analyzed by ANOVA. A P value Ͻ 0.05 was considered significant.
RESULTS

Effect of ER stress preconditioning on BSA-induced SGLT
protein expression levels and ␣-MG uptake. To examine whether high glucose, BSA, or H 2 O 2 induced ER stress in primary cultured renal PTCs, we incubated PTCs with high Ϫ4 M), or tunicamycin (0.1 g/ml) for 24 h. The protein was extracted and blotted with antibodies against glucose-regulated protein 78 (GRP78) or ␤-actin (A). Na ϩ -glucose cotransporter (SGLT1 and SGLT2) protein expression levels were determined by Western blotting of the plasma membrane protein fraction. Bands represent the 70-to 77-kDa bands corresponding to SGLT1 and SGLT2, and the 41-kDa band corresponds to ␤-actin (B). Each example shown is representative of 3 independent experiments. The bottom panels denote means Ϯ SE of 3 experiments for each condition determined from densitometry relative to ␤-actin. *, # P Ͻ 0.05 vs. control. C and D: cells were pretreated with BSA (10 mg/ml) for 12 h before gentamicin (100 g/ml) or cyclosporine A (40 M) for 12 h, or they were treated with BSA, gentamicin, cyclosporine A, or tunicamycin alone for 24 h. Proteins were then extracted and blotted with antibodies against SGLT1, SGLT2, or ␤-actin (C). Each example shown is representative of 4 independent experiments. The bottom panels denote means Ϯ SE of 3 experiments for each condition determined from densitometry relative to ␤-actin. ␣-MG uptake was also measured (D). The values are reported as the means Ϯ SE of 3 independent experiments from triplicate dishes. a, b, c (aЈ bЈ cЈ): P Ͻ 0.05 vs. control. bb, cc (bbЈ ccЈ): P Ͻ 0.05 vs. gentamicin or cyclosporine A alone, respectively. glucose (25 mM), BSA (10 mg/ml), H 2 O 2 (10 Ϫ4 M), or tunicamycin (0.1 g/ml), and monitored for upregulated production of the ER stress biomarker GRP78 protein (Fig. 1A) . As shown in Fig. 1B , BSA or tunicamycin significantly increased SGLT1 and SGLT2 expression, but high glucose or H 2 O 2 decreased their expression, indicating the BSA-or tunicamycininduced ER stress plays a role in the increased glucose uptake. The ability of BSA-induced ER stress preconditioning (induction of ER stress proteins by prior ER stress) to recover against the nephrotoxin-induced reduction in glucose uptake was assessed (Fig. 1, C and D) . Following BSA-induced ER stress preconditioning for 12 h, cells were exposed to gentamicin (100 g/ml) or cyclosporine A (40 M) for 12 h in PTCs. BSA or tunicamycin incubation increased SGLT1 and SGLT2 expression levels (Fig. 1C) and ␣-MG uptake (Fig. 1D) . Gentamicin or cyclosporine A decreased SGLT expression levels and ␣-MG uptake, whereas BSA-induced ER stress before treatment with these toxicants ameliorated the reduction of SGLT expression levels and ␣-MG uptake, indicating that BSAinduced ER stress preconditioning may help to protect PTCs by increasing glucose uptake against nephrotoxins.
Effect of BSA on GRP78 and eIF2␣ activation. To determine the mechanism of BSA-induced ER stress preconditioning, we monitored for two ER stress biomarkers, GRP78 protein upregulation and eIF2␣ phosphorylation. Immunofluorescence staining demonstrated that BSA exposure for 24 h increased GRP78 expression in cytoplasm ( Fig. 2A) . In addition, Western blotting analysis revealed that 10 mg/ml BSA increased levels of GRP78 protein expression or eIF2␣ phosphorylation in a time-dependent manner (0 -48 h or 0 -120 min, respectively; Fig. 2, B and C) . Furthermore, the level of GRP78 protein expression was significantly blocked in GRP78-specific siRNA transfected cells (Fig.  2D) . These results suggest that GRP78-specific siRNA transfection is useful in primary cultured PTCs. Taken together, these results clearly indicated that BSA induced ER stress in PTCs.
Effect of BSA-induced ER stress on ␣-MG uptake. As shown in Fig. 2 , BSA increased the level of ␣-MG uptake in PTCs in both time-and dose-dependent manners. After a 48-h incubation, Ն5 mg/ml BSA significantly increased ␣-MG uptake (Fig. 3A) , and this increase was statistically significant after a 36-h incubation with 10 mg/ml BSA (Fig. 3B) . To determine the effect of BSA-induced ER stress on ␣-MG uptake, we conducted Western blot analysis with a membrane fraction of PTCs transfected with GRP78 siRNA. GRP78 siRNA before BSA incubation attenuated BSA-induced increases in SGLT1 and SGLT2 expression (Fig.  3C ) and ␣-MG uptake (Fig. 3D) , implicating BSA-induced ER stress and GRP78 activation in ␣-MG uptake by PTCs.
Effect of BSA-induced ROS on ␣-MG uptake. We next measured changes in intracellular levels of ROS in response to BSA using CM-H 2 DCF-DA or dichlorofluorescein (DCF). Figure 4A shows that BSA increased the DCF-sensitive cellular ROS level, but a 30-min pretreatment with the antioxidant NAC (10 Ϫ5 M) blocked this increase in ROS. Similarly, in experiments to measure BSA-induced ER stress, pretreatment with the antioxidants ascorbic acid (10 Ϫ3 M) or NAC abolished BSA-induced GRP78 expression and eIF2␣ phosphorylation ( Fig.   Fig. 2 . Effect of BSA on ER stress. A: PTCs were treated with 10 mg/ml BSA for 24 h. After fixation, the cells were stained with a primary antibody against GRP78. GRP78 expression was significantly upregulated by incubation with BSA. B and C: cells were incubated with BSA for 0 -48 h (B) or 0 -120 min (C). The protein was extracted and blotted with antibodies against GRP78, phosphoeukaryotic initiation factor 2␣ (eIF2␣), ␤-actin, or total eIF2␣. D: cells were transfected with either a SMARTpool of GRP78 small interfering RNA (siRNA; 200 pmol) or a nontargeting control siRNA (200 pmol) using LipofectAMINE 2000 before their treatment with 10 mg/ml BSA for 60 min. Each example shown is representative of 3 independent experiments. The bottom panels denote means Ϯ SE of 3 experiments for each condition determined from densitometry relative to ␤-actin. *P Ͻ 0.05 vs. control. **P Ͻ 0.05 vs. BSA alone. 4B). In addition, ascorbic acid or NAC pretreatment also inhibited the BSA-induced increases in SGLT protein expression and ␣-MG uptake (Fig. 4, C and D) . These observations are consistent with the hypothesis that ROS plays a role in increasing ␣-MG uptake during BSA-induced ER stress in PTCs.
Effect of BSA-induced PPAR␥ activation on ␣-MG uptake. We used RT-PCR to detect PTC expression of various PPAR isotypes to determine whether the PPARs were involved in the BSA-induced increase in ␣-MG uptake. As shown in Fig. 5A , 10 mg/ml BSA increased PPAR␥ gene expression in PTCs, but PPAR␣ and PPAR␤/␦ levels remained unchanged. We confirmed these results using PTCs that had been pretreated with GW9662 (a PPAR␥ antagonist; 10 Ϫ6 M) before BSA exposure and in PTCs that had been treated with troglitazone (a PPAR␥ agonist; 5 ϫ 10 Ϫ6 M). As expected, GW9662 blocked BSAinduced PPAR␥ activation, whereas troglitazone significantly activated PPAR␥ gene expression, much like 10 mg/ml BSA (Fig. 5B) . In addition, BSA increased PPAR␥ protein expression levels in a time-dependent manner over 48 h (Fig. 5C) ; at 24 h, ascorbic acid or NAC blocked this increase (Fig. 5D) . In experiments designed to confirm the involvement of BSAstimulated PPAR␥ activation in ER stress, GW9662 effectively blocked BSA-induced GRP78 expression and eIF2␣ phosphorylation. Troglitazone treatment again resembled treatment with BSA, in that it significantly increased the levels of GRP78 expression and eIF2␣ phosphorylation (Fig. 5E) . Furthermore, both BSA and troglitazone increased SGLT expression and ␣-MG uptake, whereas GW9662 abolished the effects of BSA (Fig. 5, F and G) . These data indicated that BSA activated PPAR␥ expression and that BSA-induced PPAR␥ activation was involved in ER stress and ␣-MG uptake.
Effect of BSA-induced JNK or NF-B activation on ␣-MG uptake. We next sought to determine whether BSA-induced ER stress activated JNK or NF-B. BSA enhanced JNK or NF-B phosphorylation in a time-dependent manner (Fig. 6A ), but pretreatment with GW9662 blocked this effect. Troglitazone mediated effects that resembled those of BSA (Fig. 6B) ; together, these data strongly linked these phosphorylation effects to PPAR␥ activation. Inhibiting ER stress with GRP78-specific siRNA transfection also attenuated the phosphorylation of JNK or NF-B, as shown in Fig. 6C . Consequently, SP 600125 (a JNK inhibitor; 10 Ϫ6 M) also blocked the BSAincreased NF-B phosphorylation (Fig. 6D) . Moreover, respectively inhibiting either JNK or NF-B activation with SP600125 or SN50 (a NF-B nuclear translocation inhibitor; 500 ng/ml) blocked BSA-induced SGLT expression (Fig. 6E) and ␣-MG uptake (Fig. 6F) . Finally, to exclude a direct affect of PPAR␥ on SGLT expression and ␣-MG uptake, we performed experiments treating PPAR␥ agonists (troglitazone or PGJ 2 ; 5 ϫ 10 Ϫ6 M) in the presence and absence of JNK and NF-B activation. Both troglitazone and PGJ 2 increased SGLT expression and ␣-MG uptake, which were blocked by SP600125 or SN50 (Fig. 7) . These observations are consistent with the suggestion that JNK and NF-B signaling pathways are important to activate SGLT expression and that PPAR␥ agonists may not have direct effects on glucose transport, but have interactions with JNK and NF-B signaling. 
DISCUSSION
The present study demonstrated that high glucose, BSA, or H 2 O 2 induced ER stress in primary cultured renal proximal tubule cells. Interestingly, reduction of ␣-MG uptake by nephrotoxins is ameliorated by BSA-induced ER stress preconditioning. Understanding the phenomenon, we specifically demonstrated BSA-induced ER stress by activating ROS/PPAR␥, which subsequently initiated JNK/NF-B phosphorylation to stimulate SGLT-mediated glucose uptake. Importantly, ours is the first report to indicate that the ER stress marker GRP78 might have an important role in ␣-MG uptake. In kidney diseases, tubular cell injuries induced by serum albumin (39), hyperglycemia (30) , ischemia (25) , and nephritic chemicals such as cisplatin (31) and paracetamol (32) are reportedly Ϫ6 M) for 24 h, and the PPAR␥ mRNA expression levels were then analyzed by RT-PCR. C: cells were incubated with BSA for 0 -48 h. The protein was extracted and blotted with antibodies against PPAR␥ or ␤-actin. D: cells were incubated with ascorbic acid or NAC for 30 min before BSA treatment for 24 h. The protein was extracted and blotted with antibodies against PPAR␥ or ␤-actin. E and F: cells were pretreated with GW9662 for 30 min before BSA treatment, or they were treated with troglitazone. The protein was then extracted and blotted with antibodies against GRP78 and phospho-eIF2␣ (E), SGLT1, SGLT2 (F), total eIF2␣, or ␤-actin. Each example shown is representative of 3 independent experiments. The bottom panels denote means Ϯ SE of 3 experiments for each condition determined from densitometry relative to total eIF2␣ or ␤-actin. *, # P Ͻ 0.05 vs. control. **, ## P Ͻ 0.05 vs. BSA alone. G: cells were pretreated with GW9662 for 30 min before BSA treatment for 48 h, or they were treated with troglitazone for 48 h, and ␣-MG uptake was measured. Values are means Ϯ SE of 3 independent experiments from triplicate dishes. *P Ͻ 0.05 vs. control. **P Ͻ 0.05 vs. BSA alone. associated with ER stress. Although all these studies adopted a tubular injury model, we conducted the studies herein from the standpoint that BSA-induced ER stress relates to glucose homeostasis. The glomerulus filters albumin, but most of it is effectively reabsorbed by clathrin-and receptor-mediated endocytosis involving megalin and cubilin in the proximal tubule (11) . In addition, a recent study on the etiology of albuminuria demonstrated that nephritic levels of albumin are normally Ϫ6 M) for 30 min before BSA treatment. The protein was extracted and blotted with antibodies against phospho-NF-B or ␤-actin. E and F: cells were pretreated with SP600125 or SN50 (NF-B nucleus translocation inhibitor, 500 ng/ml) for 30 min before BSA treatment, and the plasma membrane protein was extracted and blotted with antibodies against SGLT1, SGLT2, or ␤-actin (E). Each example shown is representative of 3 independent experiments. The bottom panels denote means Ϯ SE of 3 experiments for each condition determined from densitometry relative to ␤-actin. *, # P Ͻ 0.05 vs. control. **, ## P Ͻ 0.05 vs. BSA alone. After pretreatment with SP600125 or SN50, ␣-MG uptake was measured (F). Values are means Ϯ SE of 3 independent experiments from triplicate dishes. *P Ͻ 0.05 vs. control. **P Ͻ 0.05 vs. BSA alone. maintained by filtering it across the glomerular capillary wall; hence, inhibition of this retrieval process in PTCs can cause albuminuria (44) . ER stress induced by albumin overload caused apoptosis in renal PTCs (39) , whereas a low concentration of albumin caused an adaptive and protective UPR with upregulation of genes such as HSPA5, HYOU1, and XBP1 (30) . In support of this view, low concentrations of the classic ER stress inducer tunicamycin led to an adaptive rather than a proapoptotic response in renal tubular cells, whereas only high concentrations resulted in apoptosis. Therefore, we chose the albumin concentrations (10 mg/ml) to generate mild ER stress in the present study.
In this study, we observed that BSA increased the levels of GRP78 protein expression and eIF2␣ phosphorylation, both of which are biomarkers for ER stress. All ER stress mechanisms that activate the transcriptional components of the UPR also transiently attenuate protein synthesis, a response that is coupled to phosphorylation of protein kinase RNA-activated (PKR)-like endoplasmic reticulum kinase (PERK) and eIF2␣. Upon its release from GRP78, PERK dimerizes and autophosphorylates to promote its own activation. Activated PERK phosphorylates eIF2␣ to globally attenuate the translation initiation rate (57) . Although ER stress has been proposed as one of the various mechanisms contributing to cellular damage and apoptosis (3), previous reports indicated that moderate ER stress may favor an adaptive and protective, rather than a proapoptotic, UPR (46) , and sustained ER stress in the hepatocyte also provokes adaptation, mediated in part via activation of JNK that acts to increase hepatocellular capacity for glucose release and glucose cycling (55) . Moreover, it has been emphasized that ER chaperone proteins such as GRP78 are protective agents that are upregulated by the UPR and that this response enhances the capacity of the ER to process abnormal proteins (37, 60) . Recently, it has also been demonstrated that preconditioning renal cell lines to ER stress offers cytoprotection against nephrotoxins or glomerulonephritis (20, 40) , and GRP78 is essential for prostaglandin E 2 -mediated cytoprotection in renal epithelial cells (22) . In addition, a number of studies using overexpression and antisense/siRNA approaches have revealed that GRP78 confers protection against distur- bances in ER homeostasis. In one of these studies, reduction of GRP78 expression with siRNA activated UPR, leading to apoptosis in HeLa cells (52) , and dysfunction of GRP78 accelerated renal tubular injury (24) . Conversely, overexpression of GRP78 prevented transcriptional activation of the ER stress response and protected cells against death in response to calcium depletion from the ER (9) . Consistent with these results, we observed herein that GRP78 siRNA significantly inhibited BSA-induced ␣-MG uptake. Thus these results indicated that BSA-induced GRP78 activation may take part in glucose uptake of PTCs.
This study also showed that BSA induced ER stress by upregulating intracellular ROS and activated PPAR␥ in primary cultured renal PTCs. In agreement with our results, exposure to albumin increased intracellular Ca 2ϩ levels and upregulated intracellular ROS generation (16, 54) . ROS upregulation shows potential as a mechanism for inducing ER stress in PTCs exposed to albumin, because it alters their redox status. Previous studies demonstrated that the mitochondria are a major source of ROS generation in PTCs with albumin overload, although there are a variety of other potential sources of ROS generation in PTCs [NADPH oxidase and lipid metabolism (phospholipase A 2 )] (21, 35, 36, 51) . According to a previous review, PPAR␥, a nuclear receptor, plays a critical role in glucose and lipid metabolism (41) . Moreover, PPAR␥ ligands increased glucose uptake in 3T3-L1 cells (58) , and induction of ER stress attenuated cytokine signaling in pancreatic ␤-cells; these responses may be novel protective actions of the UPR during ER stress (56) . Similarly, this study showed that BSA (as well as the PPAR␥ agonist, troglitazone) stimulated PPAR␥ activation to induce ER stress and glucose uptake, suggesting that PPAR␥ may have an important role in BSA-stimulated glucose uptake during ER stress.
In this study, BSA-induced ER stress subsequently activated JNK and NF-B signaling, responses that were sensitive to GRP78 siRNA. These observations are consistent with previous results that demonstrated that cells under ER stress can stave off apoptosis by activating JNK (38) or NF-B (50). Our previous report (27) showed that MAPKs and NF-B activation are involved in the regulation of SGLTs in PTCs, in which NF-B phosphorylation stimulated by p44/42 MAPKs, p38 MAPK, and JNK activations is responsible for the increases of SGLT expression. In addition, p44/42 MAPKs are an important downstream effector mechanism for cellular protection by ER stress in renal epithelial cells (18) . To examine the involvement of p44/42 MAPKs in SGLT activity during ER stress, we performed Western blotting and ␣-MG uptake. Both BSA and tunicamycin increased phosphorylation of p44/42 MAPKs (Supplemental Figure; all supplemental material for this article is available on the journal web site), suggesting that p44/42 MAPKs are also involved in SGLT activity under BSAinduced ER stress. Although JNK is not the only pathway to activate glucose uptake in PTCs, the physiological significance of ER stress-induced JNK and NF-B signaling likely reflects the importance of these pathways in promoting cellular survival during stress conditions.
Previously, glucose-mediated cytoprotection has been documented in a number of cell types, including myocardiocytes, vascular smooth muscle cells, mast cells, T cells, and intestinal epithelial cells (14, 34, 49, 59) . These mechanisms represent the cornerstone of homeostasis and cell survival upon exposure to exogenous stimuli. Consistently, studies using the renal cell line LLC-PK 1 have demonstrated that prior ER stress consistently protects cells against exposure to model toxicants (1, 5, 40) , suggesting that the ER may be an important target in renal toxicity. This study reveals that GRP78 is more than an ER stress marker; it also increases glucose uptake. Taken together, our data shed new light on the important role that enhanced SGLT-mediated glucose uptake may play in response to metabolic demands during BSA-induced ER stress. Figure 8 is a Fig. 8 . Hypothesized model of the signaling pathways underlying BSA-induced ER stress and its involvement in ␣-MG uptake. BSA activates ROS production and PPAR␥ activation, which stimulates GRP78 activation and eIF2␣ phosphorylation, both of which are markers for ER stress. In turn, ER stress stimulates JNK phosphorylation, which subsequently induces NF-B phosphorylation. Finally, these molecules may induce the expression levels of SGLTs that mediate the ␣-MG uptake increase.
hypothetical model depicting the signaling mechanisms underlying how BSA-induced ER stress increases ␣-MG uptake. Therefore, these data may have implications for understanding the complex regulation of glucose transport in response to prolonged albuminuria in renal PTCs in vivo. However, many important questions remain to be answered in future research into the ER stress response.
In conclusion, we show that BSA (10 mg/ml) triggers ER stress through ROS/PPAR␥ activation. The system senses ER stress through the ER stress sensors GRP78 or eIF2␣, and it initiates JNK and NF-B signaling to enhance SGLT-mediated glucose uptake by renal PTCs.
